Spin-resolved band structures of L-gap surface states on Ag(111) and Cu(111) are investigated by spin-and angle-resolved photoelectron spectroscopy (SARPES) with a vacuum-ultra-violet laser. The observed spin textures of the Ag(111) and Cu(111) surface states agree with that expected by the conventional Rashba effect. The Rashba parameter of the Ag(111) surface state is estimated quantitatively and is 80% of that of Cu(111). The surface-state wave function is found to be predominantly of even mirror-symmetry with negligible odd contribution by SARPES using a linearly polarized light. The results are consistent with our theoretical calculations for the orbital-resolved surface state.
Spin-polarized metallic systems including nonmagnetic elements have attracted much attention for decades because novel spin transports and their applications to information technology can be expected by using these systems. The spin splitting of a two-dimensional electron system due to the Rashba effect 1? at crystal surfaces, where a potential gradient is naturally built, has been studied intensively as one of the controllable spin-polarized systems. The L-gap surface states of the noble metal (111) surfaces behave as prototypical twodimensional free electron gas (2DEG) systems, as shown by Shockley 2 , with a Rashba-type spin splitting. The energy dispersion of 2DEG at the surface in an electric field E z perpendicular to the surface can be expressed as 1? E(k) =h 2 2m * k 2 || ± α R k || with a term expressing the momentum splitting α R k || . Here, the parameter, α R = h 2 Ez 4m * 2 c 2 , is the Rashba parameter expressing the strength of the Rashba effect, m * the effective mass, c the light velocity. This equation represents that a parabolic band of 2DEG is split into two along the in-plane momentum directions.
The surface Rashba effect was first reported on the clean Au(111) surface 3 . The importance of the atomic spin-orbit coupling strength was pointed out in the literature. Subsequently the spin splitting was confirmed by spin-and angle-resolved photoemission spectroscopy (SARPES) 4 , where the energy dispersion of the band is consistent with the original Rashba effect although the spin-polarization directions of two split branches are opposite to those predicted by the original Rashba Hamiltonian. The observed value of α R is 0.33 eVÅ which is 5 orders of magnitude larger than that expected for 2DEG at the Au(111) surface by considering the surface potential gradient 3 , while a full-potential first-principles calculation [5] [6] [7] later confirmed this value. Thus, the origin of the spin splitting in the surface states has not yet fully understood even in simple systems and several possible mechanisms have been suggested: a model of in-plane inversion asymmetry and in-plane potential gradient [8] [9] [10] [11] [12] , surface-perpendicular asymmetry of charge density distribution in close proximity to the nuclei [13] [14] [15] [16] [17] [18] , orbital angular momentum of surface-state wave functions 19 , the importance of d-orbitals in the surface-state wave functions 20 , relativistic modification of the surface-state wave function 21 and the spin-orbit coupling as perturbation to scalar-relativistic wave functions 22 . Moreover, recent theoretical study proposes these L-gap surface states of noble metals (111) are spin-split topological states 23 . Experimentally, splitting of the L-gap surface state of the Cu(111) surface was studied by high-resolution angleresolved photoemission spectroscopy (ARPES) using a vacuum-ultra-violet laser 24 . The splitting is unexpectedly large and just 1/4 of the surface state of Au(111) while the atomic number is 1/3. Here, the atomic spinorbit coupling of Au 6p is more than an order of magnitude lager than that of Cu 4p 25 . In theories 7, 22 , the calculated spin splitting of the Ag(111) surface state is smaller than that of Cu(111). These suggest a simple consideration based on the strength of the atomic spinorbit interaction is not applicable for these systems.
In a conventional model of the Rashba spin splitting, the spin orientation of an electron is locked to the momentum. In contrast to this, spin-orbital entanglement in spin-orbit-coupled surface states has been recently revealed; it describes a spin texture coupled to orbital symmetries 26, 27 , and was experimentally found in several spin-orbit coupled materials [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Besides, as a consequence of the spin-orbit coupling and mirror symmetry, the spins pointing to the mutually opposite directions are independently locked to the even-odd parity symmetries 5, 38 in the mirror plane. This indicates that the spin polarization observed by SARPES must be reversed upon switching the light polarization from p to s within dipole transition approximation. In the case of the Au(111) surface state, however, absence of the spin reversal upon switching of the linear polarization of the excitation light was previously reported 39 . Subsequently, Ryoo et al. have theoretically pointed out that the nonreversal spin polarization of the Au(111) surface state can be caused by the imperfect polarization and non-normal incidence of the light 34 .
In this Rapid Communication, we report first experimental demonstration of the Rashba-type spin splitting of the Ag(111) surface state investigated by SARPES using a vacuum-ultra-violet laser (laser-SARPES). We also show the spin splitting of the Cu(111) surface state by laser-SARPES. The Rashba parameters of the Ag(111) and Cu(111) surface states are experimentally determined from these results. Furthermore, we elucidate that the wave function of the Cu(111) surface state predominantly consists of the symmetric orbital components.
Clean Ag(111) and Cu(111) surfaces were in situ prepared by repeated cycles of 0.5 keV Ar + bombardment and subsequent annealing up to 770 K for Ag(111) and 850 K for Cu(111). The surface lattice order was checked by the sharpness of a low energy electron diffraction pattern as a first step. Eventually, we judged the effect of any electron scatterings due to the surface impurities and defects from spectral widths of momentum distribution curves observed by ARPES. In the ARPES and SARPES measurements, photoelectrons were excited by a quasicontinuous-wave laser with the photon energy of 6.994 eV and were analyzed with a combination of a hemispherical electron energy analyzer (ScientaOmicron DA30L) and twin very-low-energy-electron-diffraction type spin detectors orthogonally placed 40 . Degree of linear polarization of the light was 97%. The light incident plane is parallel to the (110) plane of the sample that corresponds to theΓM mirror plane. The laser-ARPES and laser-SARPES spectra were taken with instrument energy resolutions of 5 meV and 6 meV, respectively. The sample temperature was kept at 12 K during the measurements. Calculations of the surface states were carried out by density-functional methods within the Perdew-BurkeErnzerhof-type generalized gradient approximation 41 . A slab model with thirty-seven atomic layers was adopted to simulate the surfaces. Red and blue symbols correspond to mutually opposite spin directions in the y direction. In the inset, the constant energy ARPES intensity map at EF is displayed. The constant energy image is obtained by the summation of the photoelectron intensity within a 2-meV energy window centered at EF. (c,d) Three-dimensional spin-resolved EDCs at k5 and k6 shown in (a). Red and blue curves represent the positive (negative) spin polarization direction defined in Fig. 1(d) .
branches are oppositely spin-polarized to each other with respect to theΓ point.
Figures 1(e) and 1(f) show spin-resolved energy distribution curves (EDCs) at selected k cuts 43 . In theΓM (ΓK) direction, the y (x) spin polarization is found while there is no spin signal in the x and z (y and z) directions. These results suggest that the L-gap surface state of Ag(111) exhibits the tangential spin texture with respect to the circular-shape Fermi surface, which is expected from the conventional Rashba effect.
The spin splitting of the Ag(111) surface state is quantitatively analyzed with the spin-resolved EDCs shown in Fig. 1(g) . We found that the spin-up and spin-down peaks are clearly identified and are inverted with respect to theΓ point. In Fig. 1(h) , we plot peak positions of the spin-resolved EDCs. The peak position values were fitted by free-electron-like parabolas with three fitting parameters, that is, the Rashba parameter α R , an effective mass and energy of the band bottom. From the fitting, we ob- tain α R of ∼0.031 eVÅ, the effective mass of ∼0.38m e , and the band bottom energy of ∼61 meV, where m e is the free electron mass. The size of the energy splitting at the Fermi wave vector between the spin-up and spindown states is ∼5 meV. The splitting in the momentum direction is estimated to be ∼0.003Å −1 . These experimental values characterizing the Rashba effect are two times larger than the theoretical prediction by Reinert et al. 7 . and are smaller than that by Ishida 22 . Next, we show the spin splitting of the Cu(111) surface state. Figures 2(a) and 2(b) displays spin-resolved and spin-integrated band mappings alongΓM by laser-(S)ARPES. In this case, we observed the splitting of the band and the Fermi surface by laser-ARPES, and demonstrated the spin-dependent contrast in the band image by laser-SARPES. Using the three-dimensional SARPES measurements, we find the spin polarization only in the y direction (Fig. 2(c,d) ). Therefore, the spin texture of the Cu(111) surface state can be described by the conventional Rashba effect model. We estimated the Rashba parameter to be ∼0.038 eVÅ. Besides, we found that the size of the energy splitting at the Fermi wave vector is ∼16 meV and the energy of the band bottom is ∼434 meV, which are in excellent agreement with the former report 24 . Recently, Dil et al. reported the spin interference in the photoemission process between the spin-lifted branches in the systems of Cu(111) and Sb/Ag(111), where the spin interference rotates the spin vector of the photoelectron such that the measured spin polarization of the photoelectron is not the same as the spin polarization of the Bloch state 44, 45 . Such spin interference is claimed to be possible when the spin-lifted branches are very close to each other and are partly overlapped due to the momentum broadening induced by elastic scattering, associated with point defects in imperfect surfaces for example. In contrast, this is not the case in the sufficiently-cleaned surfaces 46 , where we have demonstrated the conventional Rashba-type spin splitting for Ag(111) and Cu(111) as shown above. Table I gives a comparison of the Rashba parameters of the surface states of Cu(111), Ag(111) and Au(111). We have experimentally revealed that the Rashba parameter of Ag (111) is 80% of that of Cu(111), being consistent with the theoretical predictions 6, 7, 22 . According to the recent theoretical studies by Ishida 22 , the d z 2 and d xz orbital components mixed in the surface-state wave func- Fig. 2(a) as a function of θ. tion, in which the p z orbital component is dominant, play important role in determining the size of the spin splitting. In fact, the d z 2 and d xz orbital components in the surface-state of Cu(111) are substantially larger than the corresponding ones of Ag (111) 22 . This scenario is convincible to explain the larger spin splitting of Cu(111) than Ag(111), experimentally found in the present study. It is also possible to attribute the spin splitting of these systems to the topological origin 23 . The scenario using the topology explains the origin of the Shockley-type surface states, as implied in the early paper by Shockley 2 . However, the topological scenario itself is not helpful to determine the details of the spin-polarized band, such as the spin direction, the spin polarization and the size of the spin splitting quantitatively.
We examine the spin-orbital entanglement of the Cu(111) surface state. The spin-orbital entanglement is elucidated by employing the dipole selection rule of a linearly-polarized light in photoemission. Figures 3(a)  and 3(b) show spin-resolved EDCs and the spin polarizations measured with p-and s-polarized lights for the Cu(111) surface state at k 5 shown in Fig. 2(a) . The experimental geometry is displayed in Fig. 3(c) . We find that the spin polarization is not inverted and the value of the spin polarization is reduced upon switching the linear polarization from p to s in contrast to the previous results in Bi 2 Se 3 , Bi(111), W(110) and Bi/Ag(111) [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
To understand the non-reversal of the spin polarization, we have calculated the projection of the surfacestate wave function in theΓM mirror plane at E F [ Fig.  3(d) ] and have investigated the light polarization dependence of the photoelectron intensity [ Fig. 3(e) ]. In the mirror plane, we find the symmetric orbitals p z and d xz are dominant while the anti-symmetric part d yz contributes a little. Whereas the contributions from p x , p y , d xy and d x 2 −y 2 states are negligible, and there are small contributions from s and d z 2 . Experimentally, the photoelectron intensity with the s-polarized light was 5% with respect to that with the p-polarized light [ Fig. 3(e) ]. Here, a 100% s-polarized (p-polarized) light excites only the anti-symmetric (symmetric) orbitals. Our laser system provides 97% linearly polarized photons 48 , and thus the photoelectron intensity from the symmetric orbitals by the s-polarized light is about 2% of the intensity by the p-polarized light in the experiment. It is also noted that the 7-eV photon in the present experiments mostly excites Cu 4p orbitals, where the photoionization cross sections of 4p orbitals are a few times larger than those of 3d orbitals and are more than two orders of magnitude larger than that of a 4s orbital 49 . Consequently, one expects that the photoelectron intensity from the anti-symmetric orbital d yz by the s-polarized light in the experiment is a few percent with respect to the intensity by the p-polarized light. The observed 5% photoelectron intensity is roughly consistent with the sum of the above two contributions. Therefore, the non-reversal and the reduction of the spin polarization with switching the light polarizations are caused by the p-polarization component slightly included in our s-polarized light. One may observe the spin reversal with the perfect experimental geometry and a 100% s-polarized light. Here, the optimization of the photon energy can enhance the photoelectron intensity from the d yz orbital that contributes to the spin reversal.
The above discussion is based on the dipole approximation. Here, one may consider that the dipole approximation is not valid at these low energies 50 since the final states are not free-electron-like. The matrix elements of photoemission for individual light-electric-field components can strongly vary with the incident photon energy 51, 52 . It is conceivable that the discrepancy of the photoelectron intensity and the spin polarization between the experiment and the calculations might be partly in-volved with the limitation of the dipole approximation.
The total spin polarization of the surface states of Cu(111) should be nearly 1 since the anti-symmetric part is a little in the eigenstate. Here we note that the origin of the L-gap surface states of Ag(111) and Au(111) is quite similar to that of Cu(111); the symmetric (antisymmetric) orbitals are dominant (minor). Therefore, the nature of the spin polarization and the spin-orbital entanglement of Ag(111) and Au(111) would be the same as that of Cu(111).
In summary, we have studied the L-gap surface states of Ag(111) and Cu(111) by laser-(S)ARPES. The spin splitting of the Ag(111) surface state is experimentally demonstrated for the first time. By using the threedimensional spin detection, we have elucidated that the spin orientations of the Ag(111) and Cu(111) surface states agree with the conventional Rashba-type spin texture. In addition, we have experimentally revealed that the Rashba parameter of the Ag(111) surface state is 10% and 80% of those of Au(111) and Cu (111), respectively, being in good agreement with the theoretical predictions. Furthermore, we clarified that the symmetric orbitals are predominant in the surface-state wave functions.
